Abstract-S-312, a new calcium antagonist with a bicyclic dihydrothienopyridine structure, potently relaxed the helical strips of various isolated rabbit arteries pre contracted with high K+-depolarization, serotonin (5-HT) and U46619 (throm boxane A2 analogue), and it competitively inhibited Ca"-Induced contractions in depolarized basilar and femoral arteries. These effects of S-31 2 were more potent than nifedipine and almost comparable to or slightly more potent than those of nicardipine. In comparison with nifedipine and nicardipine, the calcium an tagonistic effect and the relaxant effect on 5-HT-induced contractions of S-312 were most prominent in the basilar artery. The potent vasodilating action of S-31 2 in the high K+-depolarized basilar artery was not easily reversed by washing. S-31 2 did not affect Ca"-Induced contraction in the skinned fiber of guinea pig taenia caecum. The negative inotropic effect of S-31 2 in isolated guinea pig left atria was much less potent than those of nifedipine and nicardipine. S-31 2 above 10-7 M preferentially increased AV nodal conduction time in Langendorff-perfused isolated rabbit hearts; and above 3x10-8 M, it mainly decreased the maximum upstroke velocity of the action potential in isolated rabbit sinus node preparations. In sum mary, the present results indicate that S-312 is a potent new calcium antagonist possessing vasculoselectivity, especially for cerebral vessels.
Several dihydropyridine calcium antago nists including nifedipine have been widely used to treat various cardiovascular disorders such as hypertension, angina pectoris, myo cardial infarction and cerebrovascular dis orders (1, 2) . Recently, several dihydropyri dine derivatives have been developed which have a long lasting effect or relatively selective action in some vascular tissues. Nicardipine, which improves cerebrovascular circulation, has been clinically used in the treatment of various cerebrovascular disorders (3, 4). It has been recently shown that nimodipine selectively inhibits spasms of isolated cerebral arteries induced by spasmogenic agonists (5, 6), and clinical evaluations are in progress for the treatment of ischemic complications in the brain (7, 8).
The calcium antagonistic effect of S-312, methyl 4,7-dihydro-3-isobuthyl-6-methyl-4 (3-nitrophenyl)thieno [2,3-b] pyridine 5-car boxylate ( Fig. 1) , was reported by Adachi et al. (9) . Marked inhibitory effects of S-312 on specific [3H]-nitrendipine (NTD) binding in rat cerebral cortex membranes, long lasting coronary dilation without any negative inotro pic effect in the isolated guinea pig heart, and acute antihypertensive effect in conscious SHR by i.p. administration have been ob served. These pharmacological effects of S 312 indicated its potent and selective vaso dilating property in comparison with its cardiac actions. However, the mode of action of S-31 2 on the vascular smooth muscle and cardiac muscle preparations has not been clarified yet. basilar arterial strips were washed with Ca" free, K+(50 mM)-depolarizing solution, in which the NaCI concentration was reduced to 80.9 mM and NaH2PO4 was not used to avoid precipitation of Ca-salts. This treatment produced a transient contraction, which vanished completely by washing four times with Ca"-free, K+-depolarizing solution. After 65 min exposure to Ca"-free, K+ depolarizing solution, the cumulative dose response curve for Ca" was determined. This set of experiments was performed three times. Between each set of experiments, the strips were washed with normal solution for 30 min. No significant difference was observed be tween the second and third dose-response curves for Ca". In the second set of experi ments, the control dose-response curve for Ca" was determined, and calcium antagonist was added 45 min before the third dose response curve.
2.2. Effects on high K+-, 5-HT and U46619-induced contractions of rabbit arteries: In order to evaluate the relaxant ac tivity, S-312, nifedipine or nicardipine was added cumulatively to the muscle bath during sustained contraction of various arteries induced by high K+ (50 mM), 5-HT (3X10-6 2 X 10-5 M) or U4661 9 (10-8 M). At the end of each series of experiments, papaverine (10-4 M) was applied to produce the maxi mum relaxation (10).
2.3. Effect on NE-induced contraction of rabbit femoral artery: Cumulative adminis tration of NE was repeated to obtain steady dose-response curves for NE. Then the effect of pretreatment of the calcium antagonist for 60 min on the NE dose-response curve was examined.
2.4. Effect on Ca"-induced contraction of NE-exposed rabbit femoral artery: Isolated femoral arterial strips were washed with Ca" free solution containing 0.1 mM EGTA for 20 min and then exposed to 3 X 10-6 M NE. These procedures were repeated four times. NE induced contraction in Ca"-free solution vanished almost completely with these four repetitions. Dose-response curves for Ca" in the presence of NE were then determined in drug-treated (60 min) and non-treated strips which were prepared from the same animal.
2.5. Duration of vasodilating activity of calcium antagonist: Isolated rabbit basilar arterial strips were contracted with high K+ (50 mM) and relaxed with calcium antagonist. When the strips relaxed to reach a new steady level, they were washed out with drug-free high K+ solution and allowed to recover the contraction. In these experiments, we ex amined the effects of the calcium antagonist at two different concentrations which induced half maximum and submaximum relaxation in the high K+-depolarized basilar artery. 3. Effect on the contraction of isolated skin ned guinea pig taenia caecum A strip of taenia caecum, 0.05-0.1 mm wide and 2-3 mm long, was freshly isolated from male guinea pigs weighing 500-700 g. Prep arations were mounted in a small chamber filled with relaxing solution containing 130 mM K-propionate, 20 mM Tris-malete, 4 mM MgCl2, 4 mM ATP and 2 mM EGTA, and then aerated with 100%02 at 20°C (pH 6.8). The preparations were treated with 50-100 pg/ml saponin for 20-30 min. The relaxant effect of the drugs was examined in the strips which were partially precontracted with 10-6 M Ca" solution containing 2 mM EGTA. The apparant binding constant of EGTA for Ca" at 20°C, pH 6.8, was considered to be 106 M-1 (11). 4. Effect on the isolated guinea pig or rabbit cardiac preparations 4.1. Inotropic effect in guinea pig left atria: Left atria were isolated from guinea pigs and suspended in a 20-ml muscle bath filled with Krebs-Ringer solution (30°C) which was aerated with a mixture Of 95% 02 and5% C02. The composition of the Krebs-Ringer solution was as follows: 120.3 mM NaCI, 4.0 mM KCI, 1.2 mM CaCl2, 1.3 mM MgSO4, 1.2 mM NaH2PO4, 25.2 mM NaHCO3 and 5.8 mM glucose (pH 7.4). Resting tension was ad justed to 0.2 g. Electrical stimulation was ap plied with a pair of bipolar silver electrodes by rectangular pulses of 0.5 msec duration at twice the threshold intensity and with a frequency of 1 .0 Hz. The developed tension was recorded by procedures similar to those described in section 1. Under these condi tions, the preparation was treated with a single concentration of drug for 60 min. 4.2. Dromotropic effect in Langendorff perfused rabbit heart: The isolated rabbit heart was perfused with Krebs-Ringer solution (32±1 °C) equilibrated with 95% 02 and 5% CO2 at a constant perfusion rate of about 10 ml/min. The His bundle electrogram was recorded by bipolar silver wires placed on the area of the His bundle. The preparation was stimulated with a pair of bipolar silver elec trodes on the pacemaker area of the right atrium under the following conditions: a basic stimulus interval, about 480 msec; intensity, 2x threshold; duration, 2 msec.
Atrial conduction time (SA), atrioven tricular nodal conduction time (AH) and His Purkinje conduction time (HV) were meas ured with the His bundle electrogram: SA interval, from the stimulus artifact to the earliest onset of atrial excitation (A wave); AH interval, from the A wave to the His signal; HV interval, from the His signal to the earliest onset of ventricular excitation.
4.3. Electrophysiological effects in rabbit sinus node preparations: A sinus node specimen (2x2 mm) was cut perpendicular to the crista terminalis of rabbit heart. The preparation of the sinus node was superfused continuously with Krebs-Ringer solution saturated with 95% 02 and 5% C02 at 33'C. Transmembrane action potentials of the iso lated sinus node preparations were recorded using standard glass microelectrodes filled with 3 M KCI. The maximum upstroke velocity of the action potential (Vma,x) was obtained by electronic differentiation. The records of the transmembrane potential and Vmax were displayed on a Tektronic 5113 dual beam storage oscilloscope.
Data analysis and drugs
Experimental results are expressed as the mean±S.E. Statistical analysis were per formed using Tukey's method after one-way analysis of variance (12) and Student's t test. Drugs employed in these experiments were S-312 (Shionogi), nifedipine (Teikoku Kagaku), nicardipine (Yamanouchi), saponin (ICN), trifluoperazine (Sigma), serotonin creatinine sulfate (Merck), U4661 9 (Cayman Chemi), (±)-norepinephrine hydrochloride, and papaverine hydrochloride. S-312, nifedi pine and nicardipine were dissolved in 90% dimethylsulfoxide (DMSO) and 10% castor oil (HCO-50) and diluted with distilled water before use. Nifedipine solution was prepared just before its application.
To examine the calcium antagonistic effects of nifedipine in the isolated arteries, experiments were per formed under a sodium-light in a dark room. Other experiments with nifedipine were done under indoor-lighting; however, the muscle bath was covered by aluminum foil or black tape to protect the drug from degradation by light.
Results
1. Effect on isolated rabbit arteries 1.1. Calcium antagonistic effect in de polarized rabbit arteries: S-312 showed com petitive antagonism against Ca"-Induced contraction, producing a rightward displace ment of the dose-response curve for Ca" in rabbit femoral and basilar arteries (Fig. 2) . Parallelism between control and dose-re sponse curves with S-31 2 was indicated by parametric parallel line testing (13). Similar results were obtained with nifedipine and nicardipine ( Fig. 2) . pA2 values of S-312, nifedipine and nicardipine were determined by Schild plots (14). The Schild plot for these calcium antagonists gave a regression line with a slope of 1.03-1.21
and a correlation coefficient above 0.991 (Fig. 3) . The pA2 values of S-312, nifedipine and nicardipine in the femora! artery were 10.045, 9.343 and 10.310, respectively. The values in the basilar artery were 10.420, 9.455 and 10.303, re spectively. The calcium antagonistic effect of S-312 in the basilar artery was clearly more potent than that the femoral artery. However, such a significant difference in the potencies between the two arteries was not clear with nifedipine and nicardipine.
In the isolated basilar artery, the calcium antagonistic effect of S-312 is approximately 9.2 or 1.3 times more potent than that of nifedipine or nicardi pine, respectively.
1.2. Effects on high K+-, 5-HT and U46619-induced contractions of rabbit arteries: Sustained contractions in strips of basilar, coronary, mesenteric, renal and fem oral arteries with 50 mM K+ were dose dependently relaxed by the cumulative ad dition of S-312 at concentrations ranging from 3 x 10-" to 10-8 M (Fig. 4) . These ar The concentrations of calcium antagonists were 5x10-11 M (•), 1.5x10-10 M (p), 5x10-10 (A), 1.5x10-9 M (C) and 5 x 10-9 M (/).
The maximal contraction in the control curve was taken as 100%. terial strips were relaxed with S-312 almost completely at 10-9 M to 10-8 M. S-31 2 also relaxed the strips of basilar, coronary, mesenteric and femoral arteries pre contracted with 5-HT in a dose-related manner (Fig. 5) . In the strips of basilar, coronary and mesenteric arteries, almost com plete relaxations were observed at 10-7 M, while the relaxations were incomplete in the femoral artery even at the highest concen tration tested (10-6 M). Similar relaxations were observed for nifedipine and nicardipine in strips precontracted with high K+ or 5-HT.
ED50 values of these relaxant effects for each drug are given in Table 1 . Here, the ED50 values were obtained by fitting the dose response curves to 4-parameter logistic curves (15). As seen in the Table, these relaxant effects of S-312 on the high K+ and 5-HT induced contractions were more potent than those of nifedipine, and they were almost comparable to those of nicardipine. The re laxant effect of S-31 2 on high K+-induced contraction was more pronounced in mesen teric, basilar and coronary arteries than those in the other arteries. The relaxant effect of S 312 on 5-HT-induced contraction was most prominent in the basilar artery, and its poten cies decreased in the order of basilar> coronary>mesenteric>femoral arteries. Such a selective action of S-312 on the basilar artery was remarkable compared with nifedipine and nicardipine. Relaxant effects of nifedipine and nicardipine were more pro minent in the coronary artery than in the basilar artery.
In isolated rabbit coronary arterial strips, sustained contractions were induced by 10-8 Fig. 3 M U4661 9, a stable thromboxane A2 an alogue (16, 17). S-312, nifedipine and nicar dipine produced relaxation in coronary arterial strips precontracted with U4661 9 in a dose related manner (Fig. 6) , and the ED50 values of these relaxant effects are shown in Table 1 . The relaxant effect of S-31 2 was more potent than that of nifedipine and slightly more potent than that of nicardipine.
No significant differences in the upper and lower limits were observed between calcium antagonists in the logistic curves, to which the dose-response curves for calcium an tagonist-induced relaxant effects on high K'-, 5-HT and U46619-induced contractions were fitted. However, some significant differ ences in the slopes, of the logistic curves were observed as follows (mean±S. 1.3. Effect on NE-induced contraction of rabbit femoral artery: S-312 shifted the NE dose-response curve in rabbit femoral artery not only to the right, but also depressed the maximal response (Fig. 7) . A similar mode of action was observed for nifedipine and nicar dipine. S-31 2, nifedipine and nicardipine thus inhibited the NE contraction in a non-com petitive manner. However, these three drugs only partially inhibited the NE-induced con traction even at the higher concentration (10-6 M) tested. The mean % decrease (n=5) in the maximal NE-response caused by 10-7 M of each calcium antagonist was as follows S-312, 23.6; nifedipine, 13.7; nicardipine, 21.7. 1.4. Effect on NE-induced contraction in Ca'-free solution of rabbit femoral artery: When NE was added repeatedly every 20 min under the Ca'-free condition, NE-induced contraction decreased gradually. The mean contractions of the first, second, third and fourth NE-induced response were 58, 18, 3.0 and 1.8%, respectively, when the response in normal solution is taken as 100%. These con tractions obtained in Ca'-free solution were not affected by the addition of 10-9 M S-31 2 to the muscle bath.
1.5. Effect on Ca"-induced contraction of NE-exposed rabbit femoral artery: Ca" induced contractions of NE-exposed femoral arterial strips (Fig. 7) were observed at a lower concentration of Ca" than those of K+ depolarized femoral arterial strips (Fig. 2) . Similar high sensitivity to Ca" has been re ported for NE-exposed rat resistance vessels (18). S-312 inhibited this Ca"-Induced con traction even at a low concentration (10-9 M), producing a rightward parallel shift of the dose-response curve (Fig. 7) . Parallelism be tween the control and dose-response curves with S-31 2 was indicated by parametric parallel line testing (13). Nifedipine and nicardipine also showed similar antagonism. The pA2 values for S-312, nifedipine and nicardipine, which were determined by the method of van Rossum (19), were as follows (mean±S.E., n=5): S-312, 9.71±0.03, nife dipine, 8.62±0.06; nicardipine, 9.49±0.04. 1.6. Duration of vasodilating activity of calcium antagonist: In the drug-free high K+ solution, isolated rabbit basilar artery which had been relaxed with S-312 or nifedipine recontracted gradually almost to the initial level (Fig. 8) . The time required for 50% re contraction was calculated as the index of the duration of the vasodilating action of the calcium antagonist ( Table 2 ). The duration of vasodilating action caused by a high concen tration of S-31 2 was significantly longer than that induced by a low concentration of S-31 2. Similar dose-dependency on the duration of the vasodilating action has been reported pre viously with nilvadipine (20). Both in high and low concentrations, S-31 2 caused more prolonged vasodilating action than those caused by nifedipine and nicardipine. The differences in the duration of the vasodilating action was considerable compared with that in the speed of relaxation, which was evalu ated from the time required for 50% relaxation (Table 2) . 2 . Effects on contraction of isolated skinned guinea pig taenia caecum Fig. 7 . Effects of S-312 on NE-induced contraction (left panel) and Ca++-induced contraction of NE exposed strips (right panel) in rabbit femoral artery. Maximal contraction induced by NE determined in the same strip exposed to normal solution was taken as 100% in each graph. Mean maximal developed tension induced by NE was 3.04±0.14 g (n=15). Fig. 8 . Typical recordings of the relaxant response to S-31 2 and nifedipine, and of recontraction following drug removal from the isolated rabbit basilar arterial strip. The strip was precontracted with 50 mM K+ and relaxed with a submaximal concentration of S 312 (10-9 M) or nifedipine (5x10-9 M), and then washed out with drug-free 50 mM K+ solution. Figure 9 shows the time course of contractile tension obtained after applications of S-31 2. S-31 2 did not affect the contraction evoked by 10-6 M Ca", while 10-4 M trifluoperazine, a calmodulin inhibitor (21, 22), caused marked relaxation (Fig. 9) . These results indicate that the calcium receptors of con tractile protein were not affected by S-312. 3. Effects on isolated guinea pig or rabbit cardiac preparations 3.1. Inotropic effect in guinea pig left atria: The electrically driven contraction of the left atrium was dose-dependently inhibited by S 312 at concentrations ranging from 3 x 10-7 to 3 x 10-5 M (Fig. 10) . These inhibitory concen trations were much higher than those required for calcium antagonistic and relaxant effects in the arterial preparations mentioned before. Nifedipine and nicardipine also showed similar negative inotropic effects, but their inhibitory potencies were significantly greater than that of S-312 (Fig. 10) .
3.2. Dromotropic effects in Langendorff perfused rabbit heart: Figure 11 shows the percentage changes of the SA, AH and HV intervals after 30-min exposure to S-312 . S 312 above 10-7 M produced a dose-depen dent increase in the AH interval, but did not affect the SA and HV intervals even at the Table 2 . Times required for 50% relaxation and recontraction following addition and removal of calcium antagonist in depolarized (50 mM K+) rabbit basilar artery highest concentration (3 x 10-7 M) tested. These results indicated that S-312 preferen tially delayed the conduction through the atrioventricular node.
3.3. Electrophysiologica! effects in rabbit sinus node preparations: Each impalement of the microelectrode in the preparation yielded a typical pacemaker potential with a smooth rising phase as reported previously (23). The action potential records obtained before and 30 min after application of S-31 2 are shown in Fig. 12 , and changes in the various param eters of the action potentials are summarized in Table 3 . Although no effect was observed in any action potential parameters at 10-8 M, S-31 2 above 3x10-8 M caused decreases in Vmax and the action potential amplitude (AMP) in a dose-related manner, and significant changes were observed above 10-7 M of S-312. S 312 also significantly decreased the maximum diastolic potential (MDP) at 3x10-7 M, and tended to decrease the action potential dura tion at 50% repolarization (APD50) and in creased the spontaneous cycle length (SCL). 
Discussion
The present study shows that S-31 2, a new dihydrothienopyridine derivative, markedly relaxed the contractions of isolated rabbit arteries evoked by high K+, 5-HT and U4661 9, and inhibited Ca"-Induced contraction in depolarized preparations. These actions are qualitatively similar to those of nifedipine and nicardipine.
In K+-depolarized femoral and basilar ar teries, the inhibitory effect of S-31 2 on the Ca"-Induced contraction was overcome by raising the Ca" concentration of the bathing solution, and a competitive antagonism was found. Such a calcium antagonistic effect on vascular smooth muscles of well-known calcium antagonists has been previously reported (24-26), and those effects with nifedipine and nicardipine were also recon firmed in our experiments. S-31 2 caused dose-dependent relaxation in high K+-in duced sustained contractions. Direct vaso contractions produced by K+-depolarization are mainly due to increased Ca" influx through the depolarized cell membrane (27, 28). In addition, S-312 inhibited specific [3H]-NTD binding in rat cerebral cortex mem brane (9). NTD has been shown to block the voltage-dependent Ca" channel in vascular smooth muscle cells (29). Therefore, the calcium antagonistic and relaxant effects of S-31 2 in depolarized rabbit arteries observed in the present study would be due to a block ade of the transmembrane Ca" influx through the voltage-dependent Ca" channel. These effects of S-312 on K' and Ca"-Induced contractions were much greater than those of nifedipine and were comparable to or slightly more potent than those of nicardipine. It is assumed, therefore, that the blocking poten cies on the voltage-dependent Ca" channel in vascular smooth muscles are in the order of S-312>_ nicardipine>nifedipine. The present study also showed that the calcium an tagonistic effect of S-31 2 was more pro nounced in the basilar artery than in the femoral artery.
Differing from the inhibitory effect of S 312 in depolarized preparations, S-312 inhib ited the NE-induced contraction only par tially even at the highest concentration tested, and non-competitive antagonism was found.
NE is considered to bring about vascular contractions both by increasing the transmembrane Ca" influx and by releasing Ca" from the intracellular binding site (28, 30), which can be triggered by inositol tris phosphate (31, 32). A low concentration of S-312 markedly inhibited the Ca"-Induced contraction in NE-exposed femoral strips. However, NE-induced contraction in the Ca'-free condition was not affected. These results indicate that S-312 can block the NE operated Ca" influx from extracellular fluid across the plasma membrane, not the release of intracellularly bound Ca". These prop erties of S-31 2 could explain its partial inhi bition of NE-contraction in normal solution. In addition, no effect of S-312 on the con traction evoked by Ca" in skinned fiber of isolated taenia caecum indicates that the calmodu!in and contractile protein systems were not affected directly S-31 2.
5-HT and thromboxane A2 have been sug gested as possible mediators of cerebral and coronary vasospasms (33-35). S-312 in hibited the 5-HT-induced contraction of isolated rabbit basilar artery and the U4661 9 induced contraction in the coronary artery more potently than nifedipine and nicardipine. Therefore S-312 may effectively prevent cerebral and coronary vasospasms caused by some circulatory disorders.
His bundle electrogram in the Langendorff perfused isolated rabbit heart and depressed the Vmax and AMP of the action potential in isolated rabbit sinus node preparations. These electrophysiological effects on the myocar dium should be mainly due to a blockade of transmembrane Ca" influx through the cardiac slow channel (36, 37). In the Langen dorff-perfused isolated rabbit heart, SA and HV intervals were not affected by S-312, which indicates that S-312 does not block the fast sodium channels.
These studies thus show that S-31 2 seems to have higher selectivity for vascular smooth muscles, especially for cerebrovas cular smooth muscles, and this selectively is apparently greater than those of nifedipine and nicardipine. The precise explanation for such tissue and regional selectivity of drug action is not known, but this selectivity is interesting and has been studied by several investigators from the viewpoints of voltage dependency and others (2, 29, 38) .
Recently, several Ca" antagonists have been widely used for the treatment of many cardiovascular disorders (2) . Marked pro phylactic effects of S-31 2 on the occurrence of stroke and significant increase of life span in SHRSP were already reported by our group (39). The potent and vasculo-selective, especially to cerebral vessels, action of S-312, and its long-lasting action may be useful in the treatment of various cerebrovascular disorders.
